The spatial and temporal effect of distractor related inhibition on stimulus elicited (reflexive) and goal driven (voluntary) saccades, was examined using saccade trajectory deviations as a measure. Subjects made voluntary and reflexive saccades to a target location on the vertical midline, while the distance of a distractor from the target was systematically manipulated. The trajectory curvature of both voluntary and reflexive saccades was found to be subject to individual differences. Saccade curvature was found to decrease monotonically with increasing distractor distance from target for some subjects while for others no reduction in curvature or even an increase was found. These results could not be explained by latency differences or landing position effects. The different patterns of distractor effects on saccade trajectories suggest the additional influence of a non-spatial inhibitory mechanism.
Introduction
Target directed saccadic eye movements provide a sensitive measure by which target selection processes can be examined as they are known to be influenced by the presence of competing distractors in both their metrics and dynamics (for a review see Findlay & Walker, 1999) . One such saccade metric is the trajectory (path) by which a saccade travels from its current fixation to the next. Saccade trajectories have been found to curve away from an attended location (Sheliga, Craighero, Riggio, & Rizzolatti, 1997; Sheliga, Riggio, Craighero, & Rizzolatti, 1995; Sheliga, Riggio, & Rizzolatti, 1994 , 1995 and from the location of a competing visual distractor (Doyle & Walker, 2001 Godijn & Theeuwes, 2002a , 2002b McSorley, Haggard, & Walker, 2004; Tipper, Howard, & Houghton, 2000; Tipper, Howard, & Paul, 2001) . The magnitude of this curvature is greatest when the distractor is presented in the same hemifield as the saccade target (e.g., Doyle & Walker, 2001 ) and when it shares properties with the target such as colour (Ludwig & Gilchrist, 2003) . In other situations, such as visual search, saccade trajectories deviate toward the location of a subsequent, rapidly executed, saccade (McPeek, Han, & Keller, 2003; McPeek & Keller, 2001; McPeek, Skavenski, & Nakayama, 2000) . It has been reported that direction of deviation depends to some extent on the latency of the saccade with quicker saccades deviating toward the distractor and slower saccades away (Godijn & Theeuwes, 2002a; Walker, in press ).
Similar models have been proposed to account for trajectory deviation both toward and away from a distractor location (Godijn & Theeuwes, 2002a; McPeek et al., 2003; McPeek & Keller, 2001; McSorley et al., 2004; Tipper et al., 2000) . All involve target-distractor interactions on a common retinotopic ''map'' which results in the saccade deviating toward or away from the distractor as a function of distractor activity. A recent model has proposed that the distractor modulation of saccade trajectory may reflect two separate mechanisms: one that determines initial saccade direction and a second that results in a mid-flight correction to bring the eye back towards the designated target (McSorley et al., 2004 , see also McPeek et al., 2003 Port & Wurtz, 2003 for a similar two route suggestion).
One prediction to arising from this model, is that the initial deviation of saccade direction (and the magnitude of curvature) should be modulated by the distractor-totarget spatial separation. Recently, McSorley et al. (2004) examined this issue and found that distractors farther away from the target did produce less curvature than closer to the target. However, this was found to be a much weaker effect than had been expected and limited to the distractor and target hemifield. The strongest inhibition was observed when the distractor and target were in the same hemifield and weakest when in the opposite hemifield. It was concluded that the target and distractor location representation, used at the neural processing stage responsible for curvature away, was very coarsely coded. As a consequence saccade trajectory is generally highly sensitive to distractor presence, but not to its precise spatial location. The present study was designed in order to explore the spatial effects of distractors on saccade trajectories in greater detail. To this end the influence of distractor distance from target on saccade trajectory was examined using a psychophysical procedure in which a small number of subjects were tested extensively by making thousands of saccades under distractor conditions. This approach was adopted because the influence of the distractor upon the deviation of saccade trajectory is small and there is a risk that differences between subjects may mask any evidence for spatial sensitivity. Furthermore, the recording of a large number of trials from each subject allowed a more fine grained analysis of the modulation of saccade curvature with changing distractor location than has previously been reported. Finally, the relation of curvature to other parameters of saccades, such as latency, can be studied within a single subject by correlating over trial-to-trial variability. Both stimulus elicited (reflexive) and endogenous centrally cued (voluntary) saccades were recorded in order to examine any differences in saccade trajectory sensitivity to distractor placement as there are known differences in the latency of these two types of saccades. A final prediction from the model is that the curvature of the saccade and the landing position will not be related. The model architecture suggests that the endpoint and the trajectory are controlled by separate mechanisms, thus any inhibition of the distractor which deviates the trajectory of a saccade need not affect the endpoint of the saccade.
Method

Subjects
Four male subjects (EM, RA, RW and SC), including two of the authors with an age range of 29-38 years old, acted as observers. All had normal, or corrected to normal, vision.
Apparatus
Eye movements were recorded using a head-mounted video based eye tracker (Eyelink, Sensorimotoric Instruments) with a sampling rate of 250 Hz. Both horizontal and vertical movements were recorded from one eye while subjects movements were restricted using a bite bar. The experiment was carried out using two computers. One was dedicated to display purposes while the other was dedicated to data recording. The two machines were connected via a local ethernet connection which co-ordinated stimulus presentation and eye movement recording. The stimuli were displayed on a 17 00 colour monitor.
Design
Both the target and distractor took the form of a cross (+), with each line having a length of 1°and a thickness of 6 0 of arc. The target appeared 10°directly above or below fixation, at a viewing distance of 57 cm. The fixation stimulus consisted of an unfilled diamond with a cross in the centre. After a variable delay period of between 800 and 1300 ms two lines were removed to form an arrow cue pointing up or down (voluntary trials); or to form an hourglass figure offset by ±45°(reflexive trials). This fixation stimulus enabled changes of visual events at central fixation to be equivalent for the voluntary and reflexive saccade conditions. On voluntary trials the two targets were displayed throughout, while in the reflexive trials a target appeared simultaneously with the change of fixation.
On the majority of trials a distractor appeared simultaneous with the change of the fixation stimulus. Distractors appeared in one of 12 locations (see Fig. 1 ). Distractor locations were chosen so that they appeared equidistant between fixation and target (10°from either), closer to fixation (5°from fixation and 10°from the target) or closer to target (10°from fixation and 5°f rom the target).
Subjects completed 20 separate blocks of trials for the voluntary and reflexive saccade types. Each block consisted of 104 trials (2 targets · 12 distractors, and 2 single target control trials, giving 26 possible conditions with 4 trials per condition in each block). Subjects produced a total of 2080 trials per saccade type.
Procedure
A calibration procedure was performed at the start of every block, during which subjects were required to move their eyes to nine predefined locations. The accuracy of this calibration routine was validated by requiring subjects to move their eyes to the same nine locations again. If the difference between the average landing positions on the two occasions was greater than 0.5°the calibration was repeated.
Subjects were required to saccade to the target, which was indicated by the central arrow cue in voluntary trials or to saccade to the target onset in reflexive trials. Subjects were informed that the target would always be in one of two positions on the vertical axis relative to fixation (''up'' or ''down'') and that distractors would appear in other spatial locations. They were told to ignore these distractors. The fixation diamond was presented for 800-1300 ms after which the trial lasted 1 s. The inter-trial interval was a blank screen that lasted 600 ms.
Data analysis
The eyelink data analysis program was used to identify the start and end points of saccades using a 22°/s velocity criterion and a 8000°/s 2 acceleration criterion. Further analysis of the saccade metrics and latencies were carried out using in house software developed using Matlab (Mathworks).
Saccade amplitude, latency and direction were derived from the eye movement records. Saccade amplitude was defined as the shortest distance between saccade start and end (in°). Saccade latency was defined as the interval between the change at fixation and saccade onset. Saccade direction was defined as the angular deviation of the saccade in polar co-ordinates such that the horizontal right or 3 oÕclock position is 0°, the upright vertical or 12 oÕclock position is 90°and so on counter-clockwise.
Saccades were excluded from further analysis if:
(a) Latencies were less than 100 ms (i.e., were anticipations) or greater than 2.5 standard deviations of the subjectsÕ mean. (b) Amplitudes were less than or greater than 2.5 standard deviations of the subjectsÕ mean. (c) The direction of the saccade was 15 angular degrees either side of the target (the nearest distractor was 29 angular degrees from the target). (d) Blinks occurred during the saccade.
Once saccades had been identified the curvature of the saccade trajectory was computed by finding the area under the curve formed by the saccade trajectory relative to the direct distance between fixation and the final landing position (see Ludwig & Gilchrist, 2002 for a detailed description of curvature metrics). In particular, at any sample point n saccadic deviation perpendicular to the direction of the saccade at n and n À 1 was averaged. In order to normalise across the varying amplitude of saccades the area measure was divided by the amplitude of the saccade. As saccade trajectories are never completely straight the area of curvature observed in no distractor (baseline) conditions was subtracted from that observed under distractor conditions. Thus, all measures of curvature reported here are in terms of the difference in curvature relative to the baseline natural level of curvature: Positive values indicate curvature in the direction of the distractor and negative values indicate curvature away from the distractor.
Results
Overall 8320 voluntary saccades and 8307 reflexive saccades were recorded. Prior to analysis trials were excluded on the basis of latency (2% for both voluntary and reflexive saccades), amplitude (0.8% voluntary, 0.2% reflexive), direction (5% voluntary, 2.5% reflexive) and blinks (0%). The placement of the distractors was designed to examine whether saccade curvature was dependent upon distance from the target or from fixation. It was found that distractor distance from fixation did not produce consistent effects. The results are therefore considered only in terms of distractor distance from target. Thus there are two locations at which the distractor was 10°from the target (see Fig. 1 ). These locations differ in both distance and direction from fixation. There was found to be no significant difference between the saccade curvature produced in these two positions so their data were collapsed (all tÕs <1) data was also collapsed across saccade direction (up/ down) and distractor side (left/right). Fig. 2 shows the signed curvature for each subject and distractor distance from target. To aid comparison saccade curvature for both voluntary (black data points) and reflexive (grey data points) saccades are shown on the same graph. It can be seen that curvature is predominantly away from the distractor location. A series of two-way repeated measures analysis of variance (ANOVAs) were carried out for each individual subject. Saccade type (voluntary vs. reflexive) and distance (5 levels) were included as factors. A main effect of saccade type was observed only for subjects RA and SC; all subjects show a main effect of distractor distance and a significant interaction effect (EM saccade type F < 1, distractor distance F 4,1012 = 7.6 p < 0.01, interaction F 4,1012 = 6.5 p < 0.01; RA type F 1,292 = 11.3 p < 0.01, distance F 4,1168 = 21.7 p < 0.01, interaction F 4,1168 = 6.2, p < 0.01; RW type F < 1, distance F 4,1080 = 27.6 p < 0.01, interaction F 4,1080 = 4.6 p < 0.01; SC type F 1,283 = 32.81 p < 0.01, distance F 4,1132 = 3.9 p < 0.01, interaction F 4,1132 = 4.7 p < 0.01). It can be seen from Fig. 2 that RA and SCÕs main effect of saccade type is due to voluntary saccades deviating away from the distractor more strongly than do reflexive saccades. The main effect of distance shows curvature decreasing with increasing distractor distance from target for RA and SC while EM and RW show the opposite effect. The interaction between saccade type and distractor distance, found for all subjects, can be attributed to voluntary saccades deviating away from the distractor at the closest distance more greatly than for further distances, when compared to reflexive saccades. When the distractor was located at 10°or more from the target similar deviations are observed for both voluntary and reflexive saccades.
To examine the effect of distance in more detail a series of Tukey comparisons were performed. These showed that as distractor-to-target distance increases curvature is more likely to decrease for subjects RA, RW and SC. There are, however, remarkable differences in the relationship between distractor distance and curvature across subjects. RA shows a decrease in curvature deviation as distractor distance increases for voluntary and reflexive saccades. SC shows no trajectory deviation in the reflexive saccade condition but does show a distance effect for voluntary saccades. EM shows no decrease in trajectory modulation with increasing distance for voluntary or reflexive saccades. RW shows less curvature when the distractor is 5°from the target than when it is 10°from the target for both voluntary and reflexive saccades with curvature then decreasing with increasing distance for both voluntary and reflexive saccades.
All subjects show an increase in mean saccade latency for voluntary saccades compared with reflexive saccades (EM voluntary 241 ms, reflexive 214 ms; RA 273 ms, 221 ms; RW 278 ms, 207 ms; SC 261 ms 181 ms). Fig.  3 shows the latency evoked at each distractor distance for voluntary and reflexive saccades by each subject. Each mean latency was then subtracted from the baseline latency observed in control (no distractor) trials. Separate two-way ANOVAs were performed for each subject, with saccade type (voluntary vs. reflexive) and distractor-to-target distance (5 levels). Saccade type and distance show main effects for all subjects with only one subject (EM) not showing an interaction (EM saccade type F 1,253 = 112.2 p < 0.01, distance F 4,1012 = 15.9 p < 0.01, interaction F 4,1012 = 1.8 ns; RA type F 1,292 = 35.8 p < 0.01, distance F 4,1168 = 40.49 p < 0.01, interaction F = 2.56 p < 0.05; RW type F 1,270 = 12.41 p < 0.01, distance F 4,1080 = 95.9 p < 0.01, interaction F 4,1080 = 9.6 p < 0.01; SC type F 1,283 = 92 p < 0.01, distance F 4,1132 = 15.1 p < 0.01, interaction F 4,1132 = 3.97 p < 0.01). From Fig. 3 it can be seen that reflexive latencies increase from baseline as the distractor distance from target increases. Voluntary saccades, on the other hand, are initially quicker than baseline with near distractors then approach baseline as distractor distance increases from target. The exception to this is RW whose voluntary saccade latencies, though initially quicker than baseline, increase with distractor distance from target rapidly becoming slower than baseline.
The saccade latencies show a general pattern relating to the distractor distance from the target which is not related to the saccade curvature patterns for each subject. This is further suggested from an analysis of saccade curvature in each quartile of the latency distributions of each subject. A series of two-way repeated measures ANOVAs with saccade type (voluntary vs. reflexive) and quartile (4 levels) showed no significant main effects or interactions. Furthermore, post-hoc comparisons of the quartiles with the greatest and smallest saccade curvature also revealed no effects which can be related to curvature.
On the basis of previous research (McSorley et al., 2004) , it was predicted that the influence of distractors on saccade landing position would be independent of the modulation of saccade trajectory. Mean landing position, for each condition by subject, was examined in terms of angular deviation from the mean landing position found in no distractor conditions. A series of twoway repeated measure ANOVAs with saccade type and distance were performed. There was a significant main effect of distance for EM, RA and RW, with RA also showing a significant interaction effect (EM distance F 4,1012 = 7.3 p < 0.01; RA distance F 4,1168 = 2.74 p < 0.05, interaction F 4,1168 = 3.48 p < 0.01; RW distance F 4,1132 = 18.4 p < 0.01). There were no other main effects or interactions for any subject. The main effect of distance can be attributed to landing position being more likely to be toward the distractor at the closest position although this was not the case for the reflexive saccades of RA, hence the interaction effect.
Discussion
Target directed saccades were found to deviate away from distractors. Voluntary saccades deviated from the distractor more strongly than reflexive saccades at the closest distractor to target separation but less strongly at greater distractor distances. This suggests that voluntary saccades were subject to stronger and more sharply tuned inhibition, while the reflexive saccades were driven by inhibition which was more diffuse and stronger at greater distractor distances. Individual differences show that increasing distractor distance from target did not produce the monotonic reduction in saccade curvature as had been predicted. Rather an idiosyncratic pattern of saccade curvature was found which did not depend upon saccade latency or landing position.
Curvature
If saccades curved at all, they generally were found to curve away from the distractor. Increasing the distance of the distractor from the target did have an effect, but not as consistently, or as sharply tuned, as was predicted. These findings point to a very coarsely coded distractor effect, with distractors presented at quite considerable distances from the target affecting saccade trajectories for some subjects (McSorley et al., 2004) . Voluntary saccades were found to be more strongly curved away from the distractor at the closest distance than reflexive saccades. This relationship inverted for three subjects with reflexive saccades deviating more strongly from the distractor location at the farthest distances. This suggests that the inhibition causing the deviation of the voluntary saccades is initially greater and more sharply tuned than that which deviates the reflexive saccades, which is spatially more diffuse and stronger at larger distractor distances. One possibility is that the differences in the tuning of inhibition may reflect differences in the generation of the two types of saccade. This is consistent with differential activation in the underlying neural circuit involved in saccade generation (Mort et al., 2003) , and the possibility that separate pathways may exists for the generation of voluntary and reflexive saccades (Schiller, True, & Conway, 1980) . The generation of reflexive saccades are thought to involve a cortico-tectal pathway from the parietal eye-fields, located in the intra parietal sulcus, which project to the superior colliculus (SC), which projects to the brain stem saccade generator (Schall, 1995; Schiller, 1998; Sparks & Hartwich-Young, 1989) . By contrast voluntary saccade generation is thought to rely more heavily on structures located in the frontal lobe, such as the frontal and supplementary eye fields (FEFs and SEFs). The frontal eye fields project to the superior colliculus (Schlag-Rey, Schlag, & Dassonville, 1992) and may also have a direct projection to the brainstem (Schiller, Sandell, & Maunsell, 1987) (although this has since been questioned (Hanes & Wurtz, 2001) ). It may be that differential inhibition within the underlying neural circuit involved in saccade generation, or the involvement of separate pathways, could lead to this consistent pattern of distractor influence on saccade trajectory control.
It is interesting to consider the individual differences in saccade curvature across distractor-to-target distance. Subjects RA and SC both show a drop in the magnitude of curvature with increasing distance (except for SCs reflexive saccades which showed no distractor modulation at all). This is broadly in line with an overlapping receptive field model (see introduction), in which distractors have a lesser effect on saccade trajectory as their distance from the target increases. However, both EM and RW show a departure from the predicted pattern for both voluntary and reflexive saccades. For RW at the closest distractor-to-target distance saccade curvature was found to be less than at the next farthest distance, while for EM saccades curved away from the distractor but no effect of distance was found. Examination of saccade latency, landing position and the relationship of latency with curvature show no clear differences between the subjectsÕ saccades that would account for the observed differences in the subjectsÕ trajectory modulation.
The results run counter to a model of inhibition which depends upon distractor/target proximity. Undoubtedly proximity based inhibition exists in the control of eye movements (Munoz & Istvan, 1998) and evidence for its operation in trajectory modulation is suggested from the saccade curvature of two subjects reported here (RA and SC). However, the idiosyncratic results across subjects suggest that saccade trajectories are subject to other influences that may not be spatial in nature. One possible source of inhibition, which may not necessarily be spatially dependent has been termed reactive inhibition. This was suggested as the cause of saccade curvature by Tipper and colleagues (Tipper et al., 2000; Tipper et al., 2001) and used in the model of Godijn and Theeuwes (2004) . This inhibition is dependent upon the strength of the activation of the distractor, i.e., once identified as a distractor a stimulus is inhibited to a level directly converse to its strength of excitation. It is not clear what determines this strength of excitation but the results reported here show it is not proximity from target. For example, it may be that level of excitation may be cognitive in origin, attentional, or reflect strategy effects. It has been shown that higher level stimulus facets (e.g., distractor/target similarity) can influence saccade trajectory deviations (Ludwig & Gilchrist, 2003) . A further factor is that the large number of saccade trials performed here may result in a generalised straightening of trajectory, an effect that is observed in primate experiments in which thousands of trials are made (R. McPeek, personal communication).
Latency
The relationship between saccade latency and distance was found to depend upon saccade type. Voluntary saccades showed a reduction in latency, as the distractor was shown closer to the target relative to no distractor conditions. Reflexive saccades, by contrast, showed an increase in saccade latency as the distractor to target distance decreased. The quickening of voluntary saccade latencies under distractor conditions was also reported by Doyle and Walker (2001) and McSorley et al. (2004) . This was attributed to a general non-spatial warning effect (Ross & Ross, 1980 ) whereby a distractor may provide an early saccade trigger (ÔGOÕ) signal that allows a voluntary saccade to be made more quickly with visual distractor onsets. This effect may also operate when distractors appear in the opposite hemifield to the target, but may then be countered by a remote distractor inhibitory effect (Doyle & Walker, 2001; McSorley et al., 2004) . We suggest that the pattern of reflexive saccade latencies observed here can be attributed to a remote distractor interference effect which is dependent upon distractor distance from target. This is unlike the distractor effect reported by Walker, Deubel, Schneider, and Findlay (1997) who found a dependency of latency on distractor distance from fixation (but see Olivier, Dorris, & Munoz, 1999) . Godijn and Theeuwes (2004) and Theeuwes and Godijn (2004) reported a relationship between saccade curvature and saccade latency, but no such relationship was observed here. Patterns of individual subjects show that saccade curvature is directed away from the distractor at longer saccade latencies but this not a consistent result. Theeuwes and Godijn (2004) found that quicker saccades curved towards the distractor, while longer latency saccades curved away from the distractor. This suggests that the inhibition of the distractor takes time to develop. The analysis of the latency distribution quartiles carried out here, however, show no dependency of curvature on saccade latency. The discrepancy with the results here may be due to the nature of experiment and the use of large numbers of trials which may affect the baseline latency of saccades and the time course of inhibition through trial repetition.
Landing position
Saccade landing position was found to be influenced by a distractor shown closest to that target position for the reflexive saccades of three subjects (EM, RA and RW) and for voluntary saccades of two subjects (EM and RW) . No other distractor distances produced a deviation of saccade landing position. This pattern of distractor effects on landing position is very different to its effect on saccade curvature and adds support to the view that saccade endpoint and trajectory are controlled by separate mechanisms.
Conclusions
Saccades were found to deviate away from distractors. Voluntary saccades were subject to stronger and more sharply tuned inhibition than reflexive saccades which were driven by inhibition which was more diffuse and stronger at greater distractor distances. It is suggested that this might be related to differences in the neural generation of each type of saccade. An idiosyncratic pattern of saccade curvature was found which did not depend upon saccade latency or landing position. It is suggested that strength of inhibition may be dependent upon a non-spatial source of inhibition.
